Abstract: This paper describes an error separation method for a precision measurement of the run-out of a microdrill bit by using a measurement system consisting of a concentricity gauge and a laser scan micrometer (LSM). The proposed error separation method can achieve a sub-micrometric measurement accuracy of the run-out of the microdrill bit without the requirement of ultra-precision rotary drive devices. In the measurement, the spindle error motion of the concentricity gauge is firstly measured by using the LSM and a small-diameter artifact, instead of the conventionally used displacement probes and large-diameter artifact, in order to determine the fine position of the concentricity gauge when the spindle error motion is at its minimum. The microdrill bit is rotated at the fine position for the measurement of the run-out, so that the influence of the spindle error motion can thus be reduced, which could not be previously realized by commercial measurement systems. Experiments were carried out to verify the feasibility of the proposed error separation method for the measurement of the run-out of the microdrill bit. The measurement results and the measurement uncertainty confirmed that the proposed method is reliable for the run-out measurement with sub-micrometric accuracy.
Introduction
With the development of high-density printed circuit boards (PCBs) [1, 2] , there is an increasing demand for the microdrilling of precision holes. Compared with laser drilling [3, 4] and electrochemical drilling [5, 6] , mechanical drilling is the most useful machining method for high aspect ratio microdrilling in practice, because it can process a variety of materials with finer quality at lower cost [7] [8] [9] [10] . To satisfy the requirement of high aspect ratio microdrilling on the PCBs, efforts have been devoted to designing and manufacturing microdrill bits with large aspect ratios [9] [10] [11] [12] [13] [14] . Due to the large aspect ratio and the low rigidity of the microdrill bit, an axial straightness error between the shank part and the body part is very likely to occur, even when manufactured by using ultra-precision grinding tools. As shown in Figure 1 , when the microdrill bit is being rotated, the run-out caused by the axial straightness error is generated at the end point of the microdrill bit. The run-out of the microdrill bit would lead to an enlargement of the diameter of the drilled hole [15] and the occurrence of burrs around the hole [16] , consequently reducing the hole quality in the PCBs drilling [17] . For the quality control of both PCBs drilling and microdrill bit processing, it is desired to precisely measure the degree of the run-out of the microdrill bit. Previous research studies [15, 16] , rotated microdrill bits with ultra-precision rotary drive devices. A sub-micrometric measurement accuracy of the run-out has been achieved based on the rotation accuracy of the ultra-precision rotary drive devices, such as the ultra-precision spindle. On the other hand, measurement of the run-out with sub-micrometric accuracy in machine shops is required in industries, so that a straightening process can be carried out for quality control of the microdrill bit. However, it is difficult to apply the ultra-precision rotary drive devices for the run-out measurement with sub-micrometric accuracy in machine shops, because the ultra-precision spindle is sensitive to the large environmental disturbances of machine shops, such as vibrations. Moreover, the sophisticated installation of microdrill bits onto the ultra-precision spindle, in which the axis microdrill bit is required to be aligned coaxially with the axis of rotation of the spindle, is a time-consuming procedure that is not convenient for industrial measurement.
A laser scan micrometer (LSM) measurement system is being used in industries for the measuring the run-out of microdrill bits. This process is shown in Figure 2 , which is composed of the LSM and a concentricity gauge. The shank part of the microdrill bit is rotationally supported by a pair of main rollers and the top roller of the concentricity gauge [18] , which the microdrill bit can be easily installed onto compared with a spindle. The motion of the body part of the microdrill bit is monitored by the LSM for the run-out measurement. The concentricity gauge is robust enough to be insensitive to vibrations, but the spindle error motion of the concentricity gauge is relatively large, which is mainly caused by the assembly errors and the roundness error of the two main rollers. The spindle error motion of the concentricity gauge limits the measurement system to obtain the required sub-micrometric measurement accuracy of the run-out. In order to achieve the required measurement accuracy for the run-out by using the LSM measurement system, the separation of the spindle error motion of the concentricity gauge is necessary.
This paper describes an error separation method for the precision measurement of the run-out of a microdrill bit by the LSM measurement system. The measurement principle of the run-out by using the LSM measurement system is presented, and the influence of the spindle error motion of the concentricity gauge in the measurement of the run-out is discussed. To achieve a precision measurement of the run-out, the method for separating the spindle error motion in the measurement of the run-out is proposed. After a description of the measurement principle, experiments and an uncertainty analysis are carried out to verify the feasibility and the accuracy of the proposed method. Previous research studies [15, 16] , rotated microdrill bits with ultra-precision rotary drive devices. A sub-micrometric measurement accuracy of the run-out has been achieved based on the rotation accuracy of the ultra-precision rotary drive devices, such as the ultra-precision spindle. On the other hand, measurement of the run-out with sub-micrometric accuracy in machine shops is required in industries, so that a straightening process can be carried out for quality control of the microdrill bit. However, it is difficult to apply the ultra-precision rotary drive devices for the run-out measurement with sub-micrometric accuracy in machine shops, because the ultra-precision spindle is sensitive to the large environmental disturbances of machine shops, such as vibrations. Moreover, the sophisticated installation of microdrill bits onto the ultra-precision spindle, in which the axis microdrill bit is required to be aligned coaxially with the axis of rotation of the spindle, is a time-consuming procedure that is not convenient for industrial measurement.
A laser scan micrometer (LSM) measurement system is being used in industries for the measuring the run-out of microdrill bits. This process is shown in Figure 2 , which is composed of the LSM and a concentricity gauge. The shank part of the microdrill bit is rotationally supported by a pair of main rollers and the top roller of the concentricity gauge [18] , which the microdrill bit can be easily installed onto compared with a spindle. The motion of the body part of the microdrill bit is monitored by the LSM for the run-out measurement. The concentricity gauge is robust enough to be insensitive to vibrations, but the spindle error motion of the concentricity gauge is relatively large, which is mainly caused by the assembly errors and the roundness error of the two main rollers. The spindle error motion of the concentricity gauge limits the measurement system to obtain the required sub-micrometric measurement accuracy of the run-out. In order to achieve the required measurement accuracy for the run-out by using the LSM measurement system, the separation of the spindle error motion of the concentricity gauge is necessary. This paper describes an error separation method for the precision measurement of the run-out of a microdrill bit by the LSM measurement system. The measurement principle of the run-out by using the LSM measurement system is presented, and the influence of the spindle error motion of the concentricity gauge in the measurement of the run-out is discussed. To achieve a precision measurement of the run-out, the method for separating the spindle error motion in the measurement of the run-out is proposed. After a description of the measurement principle, experiments and an uncertainty analysis are carried out to verify the feasibility and the accuracy of the proposed method. Previous research studies [15, 16] , rotated microdrill bits with ultra-precision rotary drive devices. A sub-micrometric measurement accuracy of the run-out has been achieved based on the rotation accuracy of the ultra-precision rotary drive devices, such as the ultra-precision spindle. On the other hand, measurement of the run-out with sub-micrometric accuracy in machine shops is required in industries, so that a straightening process can be carried out for quality control of the microdrill bit. However, it is difficult to apply the ultra-precision rotary drive devices for the run-out measurement with sub-micrometric accuracy in machine shops, because the ultra-precision spindle is sensitive to the large environmental disturbances of machine shops, such as vibrations. Moreover, the sophisticated installation of microdrill bits onto the ultra-precision spindle, in which the axis microdrill bit is required to be aligned coaxially with the axis of rotation of the spindle, is a time-consuming procedure that is not convenient for industrial measurement.
A laser scan micrometer (LSM) measurement system is being used in industries for the measuring the run-out of microdrill bits. This process is shown in Figure 2 , which is composed of the LSM and a concentricity gauge. The shank part of the microdrill bit is rotationally supported by a pair of main rollers and the top roller of the concentricity gauge [18] , which the microdrill bit can be easily installed onto compared with a spindle. The motion of the body part of the microdrill bit is monitored by the LSM for the run-out measurement. The concentricity gauge is robust enough to be insensitive to vibrations, but the spindle error motion of the concentricity gauge is relatively large, which is mainly caused by the assembly errors and the roundness error of the two main rollers. The spindle error motion of the concentricity gauge limits the measurement system to obtain the required sub-micrometric measurement accuracy of the run-out. In order to achieve the required measurement accuracy for the run-out by using the LSM measurement system, the separation of the spindle error motion of the concentricity gauge is necessary. This paper describes an error separation method for the precision measurement of the run-out of a microdrill bit by the LSM measurement system. The measurement principle of the run-out by using the LSM measurement system is presented, and the influence of the spindle error motion of the concentricity gauge in the measurement of the run-out is discussed. To achieve a precision measurement of the run-out, the method for separating the spindle error motion in the measurement of the run-out is proposed. After a description of the measurement principle, experiments and an uncertainty analysis are carried out to verify the feasibility and the accuracy of the proposed method.
(a) Figure 2 shows photographs and the schematics of the laser scan micrometer measurement system. The measurement system is composed of the concentricity gauge and the LSM. The shank part of the microdrill bit is gripped by the two main rollers and the top roller. Two timing belts connect the shaft of the drive handle and the shafts of the two main rollers. Through manually rotating the drive handle, the two main rollers are simultaneously rotated by the two timing belts to drive the microdrill bit by the friction between the surface of the shank part and the surface of the main rollers. Since the diameters of the shaft of the drive handle and the shafts of the main rollers are the same, the rotations of the drive handle and the main rollers are synchronized. It should be noted that when the diameters of the shank part of the microdrill bit and the main rollers are different, one revolution of the microdrill bit would only correspond to a portion of one revolution of the mail rollers.
Measurement System and Principle
The LSM includes a measurement part and a controller. The principle of the measurement part of the LSM is shown in Figure 3 [19] . A laser beam is reflected by a rotating polygonal mirror to scan within a measurement area. The microdrill bit that has been placed into the measurement area interrupts the laser beam, and cuts the measurement area into three measurement segments, which are referred to as the top edge segment, the diameter segment, and the bottom edge segment. The top edge segment is the distance from the top scanning position to the upper surface of the microdrill. The diameter segment is the distance between the upper surface and the lower surface of the microdrill bit. The bottom edge segment is the distance from the bottom scanning position to the lower surface of the microdrill bit. The laser beams within the top edge segment and the bottom edge segment are focused by a condenser lens, and then received by a photoelectric element, while the laser beam within the diameter segment is blocked by the microdrill bit. After converting the received signal of the photoelectric element to time domain based on detection, outputs of the top edge segment and the diameter segment, as well as the bottom edge segment in each scanning cycle, can be obtained by utilizing the known scan speed of the LSM. Figure 2 shows photographs and the schematics of the laser scan micrometer measurement system. The measurement system is composed of the concentricity gauge and the LSM. The shank part of the microdrill bit is gripped by the two main rollers and the top roller. Two timing belts connect the shaft of the drive handle and the shafts of the two main rollers. Through manually rotating the drive handle, the two main rollers are simultaneously rotated by the two timing belts to drive the microdrill bit by the friction between the surface of the shank part and the surface of the main rollers. Since the diameters of the shaft of the drive handle and the shafts of the main rollers are the same, the rotations of the drive handle and the main rollers are synchronized. It should be noted that when the diameters of the shank part of the microdrill bit and the main rollers are different, one revolution of the microdrill bit would only correspond to a portion of one revolution of the mail rollers.
The LSM includes a measurement part and a controller. The principle of the measurement part of the LSM is shown in Figure 3 [19] . A laser beam is reflected by a rotating polygonal mirror to scan within a measurement area. The microdrill bit that has been placed into the measurement area interrupts the laser beam, and cuts the measurement area into three measurement segments, which are referred to as the top edge segment, the diameter segment, and the bottom edge segment. The top edge segment is the distance from the top scanning position to the upper surface of the microdrill. The diameter segment is the distance between the upper surface and the lower surface of the microdrill bit. The bottom edge segment is the distance from the bottom scanning position to the lower surface of the microdrill bit. The laser beams within the top edge segment and the bottom edge segment are focused by a condenser lens, and then received by a photoelectric element, while the laser beam within the diameter segment is blocked by the microdrill bit. After converting the received signal of the photoelectric element to time domain based on detection, outputs of the top edge segment and the diameter segment, as well as the bottom edge segment in each scanning cycle, can be obtained by utilizing the known scan speed of the LSM. Figure 4 shows the definition of the run-out of the microdrill bit. The axis straightness error between the body part and the shank part of the drill generates different distances from the axis of the shank part to two margins. The distance from the axis of the shank part to each margin is the rotation radius of each margin. When the microdrill bit is rotated, the rotation paths of the two margins are different. The run-out of the microdrill bit is thus defined to be the difference of the rotation paths of the two margins. Figure 4 shows the definition of the run-out of the microdrill bit. The axis straightness error between the body part and the shank part of the drill generates different distances from the axis of the shank part to two margins. The distance from the axis of the shank part to each margin is the rotation radius of each margin. When the microdrill bit is rotated, the rotation paths of the two margins are different. The run-out of the microdrill bit is thus defined to be the difference of the rotation paths of the two margins. For the measurement of the run-out, the top edge segment of the LSM, which is referred to as TEdge(θ), is employed to measure the two margins. θ represents the angular position of the microdrill bit along its circumference. The measurement principle is shown in Figure 5 . The microdrill bit is being rotated by the concentricity gauge, and the measurement output on Margin 1 is referred to as TEdge(θj), in which TEdge(θj) is the minimum measurement output of the top edge segment in the first half of the rotation of the microdrill bit. j is the sampling interval in the circumference direction. Hence, the measurement output on Margin 2 is referred to as TEdge(θj + π). Based on the definition, the run-out, which is the absolute value of the output difference on the two margins, can then be calculated as: For the measurement of the run-out, the top edge segment of the LSM, which is referred to as T Edge (θ), is employed to measure the two margins. θ represents the angular position of the microdrill bit along its circumference. The measurement principle is shown in Figure 5 . The microdrill bit is being rotated by the concentricity gauge, and the measurement output on Margin 1 is referred to as T Edge (θ j ), in which T Edge (θ j ) is the minimum measurement output of the top edge segment in the first half of the rotation of the microdrill bit. j is the sampling interval in the circumference direction. Hence, the measurement output on Margin 2 is referred to as T Edge (θ j + π). Based on the definition, the run-out, which is the absolute value of the output difference on the two margins, can then be calculated as: Figure 4 shows the definition of the run-out of the microdrill bit. The axis straightness error between the body part and the shank part of the drill generates different distances from the axis of the shank part to two margins. The distance from the axis of the shank part to each margin is the rotation radius of each margin. When the microdrill bit is rotated, the rotation paths of the two margins are different. The run-out of the microdrill bit is thus defined to be the difference of the rotation paths of the two margins. For the measurement of the run-out, the top edge segment of the LSM, which is referred to as TEdge(θ), is employed to measure the two margins. θ represents the angular position of the microdrill bit along its circumference. The measurement principle is shown in Figure 5 . The microdrill bit is being rotated by the concentricity gauge, and the measurement output on Margin 1 is referred to as TEdge(θj), in which TEdge(θj) is the minimum measurement output of the top edge segment in the first half of the rotation of the microdrill bit. j is the sampling interval in the circumference direction. Hence, the measurement output on Margin 2 is referred to as TEdge(θj + π). Based on the definition, the run-out, which is the absolute value of the output difference on the two margins, can then be calculated as: On the other hand, the spindle error motion of the concentricity gauge changes the height position (Y-direction) of the microdrill bit. This process is shown in Figure 6 , in which the spindle error motion is t referred to as e Spindle_1,2 . Then, the run-out influenced by e Spindle_1,2 can be written as:
Principle of the Run-Out Measurement of the Microdrill Bit

Run-out = T Edge θ j -T Edge θ j + π ,(1)Run − out = T Edge θ j − T Edge θ j + π ,(1)
It can be seen from Equation (2) that the value of e Spindle_1,2 directly determines the measurement accuracy of the run-out. For achieving satisfied measurement accuracy, the spindle error motion of the concentricity gauge must be separated. As expressed above-that one revolution of the microdrill bit corresponds to a portion of one revolution of the concentricity gauge-the microdrill bit can be measured accurately at a fine position of the concentricity gauge, where the spindle error motion reaches the minimum. An accurate measurement of the spindle error motion of the concentricity gauge of the measurement system is a pre-condition in order to locate the fine position. On the other hand, the spindle error motion of the concentricity gauge changes the height position (Y-direction) of the microdrill bit. This process is shown in Figure 6 , in which the spindle error motion is t referred to as eSpindle_1,2. Then, the run-out influenced by eSpindle_1,2 can be written as:
It can be seen from Equation (2) that the value of eSpindle_1,2 directly determines the measurement accuracy of the run-out. For achieving satisfied measurement accuracy, the spindle error motion of the concentricity gauge must be separated. As expressed above-that one revolution of the microdrill bit corresponds to a portion of one revolution of the concentricity gauge-the microdrill bit can be measured accurately at a fine position of the concentricity gauge, where the spindle error motion reaches the minimum. An accurate measurement of the spindle error motion of the concentricity gauge of the measurement system is a pre-condition in order to locate the fine position. 
Spindle Error Motion Measurement Using the Laser Scan Micrometer
The reversal technique has been proposed for the measurement of the slide error motions and the spindle error motions of machine tools [20] [21] [22] [23] [24] . The measurement of the spindle error motion is usually performed with two displacement probes and a measurement artifact, in which the two displacement probes are arranged at two opposing sides of the artifact. To overcome the measurement error caused by the misalignment error of the two displacement probes, a large-diameter measurement artifact is frequently employed in practice for the measurement of the spindle error motion. However, the large-diameter measurement artifact cannot be used for the measurement of the spindle error motion of the concentricity gauge, due to its limited gripping capacity. In order to an achieve accurate measurement result of the spindle error motion of the concentricity gauge, instead of using two additional displacement probes, the top edge segment and the bottom edge segment of the LSM are employed to detect the two opposing sides of a measurement artifact with a small diameter for measurement of the spindle error motion. Since the linearity of the LSM over the whole measurement range has been well calibrated, the misalignment error of the top edge segment and the bottom edge segment is only on the level of 10 nm. Therefore, the misalignment-induced measurement error of the spindle error motion is negligible, even when employing the small-diameter measurement artifact.
A schematic of the spindle error motion measurement of the concentricity gauge by using the LSM is shown in Figure 7 . The spindle error motion is referred to as eSpindle(θM). θM represents the angular position of the main rollers along its circumference, which is provided by the attached scale on the drive handle. A pin gauge with a small diameter is used as the measurement artifact. It is rotationally supported by the concentricity gauge. The upper surface and the lower surface of the pin gauge are simultaneously measured by the top edge segment and the bottom edge segment of the LSM, in which the top edge segment and the bottom edge segment are denoted as TEdge and BEdge, respectively. The spindle error motion of the concentricity gauge is measured before and after a 
A schematic of the spindle error motion measurement of the concentricity gauge by using the LSM is shown in Figure 7 . The spindle error motion is referred to as e Spindle (θ M ). θ M represents the angular position of the main rollers along its circumference, which is provided by the attached scale on the drive handle. A pin gauge with a small diameter is used as the measurement artifact. It is rotationally supported by the concentricity gauge. The upper surface and the lower surface of the pin gauge are simultaneously measured by the top edge segment and the bottom edge segment of the LSM, in which the top edge segment and the bottom edge segment are denoted as T Edge and B Edge , respectively. The spindle error motion of the concentricity gauge is measured before and after a 180-degree reversal operation of the pin gauge, as shown in Figure 8 . Before the reversal operation of the pin gauge, the pin gauge is driven by the two main rollers, and the outputs of the top edge segment T Edge_Before and the bottom edge segment B Edge_Before are respectively expressed as:
where e Form (θ p ) is the form error of the pin gauge, including an out-of-roundness error component and a straightness error component. θ p represents the angular position of the pin gauge along its circumference. After the pin gauge is rotated by 180 degrees with respect to the angular position of the two main rollers, the same measurement is conducted again, and the measurement outputs of the two edge segments are expressed as: 180-degree reversal operation of the pin gauge, as shown in Figure 8 . Before the reversal operation of the pin gauge, the pin gauge is driven by the two main rollers, and the outputs of the top edge segment TEdge_Before and the bottom edge segment BEdge_Before are respectively expressed as:
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Based on the outputs of the two segment of the LSM before and after the reversal operation of the pin gauge, eSpindle(θM) can then be evaluated without the influence of eForm(θp) as: 180-degree reversal operation of the pin gauge, as shown in Figure 8 . Before the reversal operation of the pin gauge, the pin gauge is driven by the two main rollers, and the outputs of the top edge segment TEdge_Before and the bottom edge segment BEdge_Before are respectively expressed as:
Based on the outputs of the two segment of the LSM before and after the reversal operation of the pin gauge, eSpindle(θM) can then be evaluated without the influence of eForm(θp) as: Based on the outputs of the two segment of the LSM before and after the reversal operation of the pin gauge, e Spindle (θ M ) can then be evaluated without the influence of e Form (θ p ) as:
Experiments
Measurement experiments of the spindle error motion of the concentricity gauge and the run-out of the microdrill bit were carried out based on the measurement setup in Figure 2 . The concentricity gauge (Manufacturer: Universal Punch Corp., Santa Ana, CA, USA, Model: JSLP-10C) had two main rollers and a top roller. The diameters of the main rollers were 22 mm, and that of the top roller was 6.3 mm. A LSM (Manufacturer: Mitutoyo Corp., Kwasaki, Japan, Model: LSM-902/6900) had a scanning range of 32 mm, a resolution of 0.00001-0.01 mm (selectable), a linearity of ±0.03 µm (narrow scanning range), and a measurement speed of 800 cycles/second. The LSM had two average methods, which were the arithmetical average and the moving average, respectively, with an average range of 1-2048 points, which can be selectable in the instrument. The outputs of the LSM were recorded by a 64-bit PC through a RS-232 interface. Figure 9 shows a pin gauge and a microdrill bit, in which the pin gauge was employed as the measurement artifact for the measurement of the spindle error motion of the concentricity gauge, and the microdrill bit is the measurement target for the run-out measurement. The pin gauge had a diameter of 3 mm and a length of 50 mm. The diameter and the length of the shank part of the microdrill bit were 3 mm and 26 mm, and those of the body part of the microdrill bit were 0.75 mm and 24 mm, respectively. 
Measurement experiments of the spindle error motion of the concentricity gauge and the run-out of the microdrill bit were carried out based on the measurement setup in Figure 2 . The concentricity gauge (Manufacturer: Universal Punch Corp., Santa Ana, CA, USA, Model: JSLP-10C) had two main rollers and a top roller. The diameters of the main rollers were 22 mm, and that of the top roller was 6.3 mm. A LSM (Manufacturer: Mitutoyo Corp., Kwasaki, Japan, Model: LSM-902/6900) had a scanning range of 32 mm, a resolution of 0.00001-0.01 mm (selectable), a linearity of ±0.03 μm (narrow scanning range), and a measurement speed of 800 cycles/second. The LSM had two average methods, which were the arithmetical average and the moving average, respectively, with an average range of 1-2048 points, which can be selectable in the instrument. The outputs of the LSM were recorded by a 64-bit PC through a RS-232 interface. Figure 9 shows a pin gauge and a microdrill bit, in which the pin gauge was employed as the measurement artifact for the measurement of the spindle error motion of the concentricity gauge, and the microdrill bit is the measurement target for the run-out measurement. The pin gauge had a diameter of 3 mm and a length of 50 mm. The diameter and the length of the shank part of the microdrill bit were 3 mm and 26 mm, and those of the body part of the microdrill bit were 0.75 mm and 24 mm, respectively.
(a) (b) Figure 9 . Photographs of (a) the pin gauge and (b) the microdrill bit.
The stabilities of the LSM measurement system were firstly investigated. The temperature during the measurement was measured as well by using a thermal sensor with a resolution of 0.001 °C. In the measurement of the stabilities, the LSM was set by using the moving average method, with averaging points of 512 to reduce the noise level. The measurement interval and the measurement resolution of the LSM were 0.64 s and 0.01 μm, respectively. The measurement of the stabilities lasted for one hour, while all of the parts of the LSM measurement system were kept stationary. The measurement result is shown in Figure 10 . The peak-to-valley (PV) stabilities of the top edge segment and the bottom edge segment were evaluated as 0.57 μm and 0.65 μm, respectively, while the temperature drift during the measurement was characterized as 0.269 °C (PV). The stabilities of the measurement system were influenced by the mechanical stability between the concentricity gauge and the LSM, the drift of the scanning beam of the LSM, the temperature drift during the measurement procedure, etc.
Outputs of the laser scan micrometer 2μm/div. The stabilities of the LSM measurement system were firstly investigated. The temperature during the measurement was measured as well by using a thermal sensor with a resolution of 0.001 • C. In the measurement of the stabilities, the LSM was set by using the moving average method, with averaging points of 512 to reduce the noise level. The measurement interval and the measurement resolution of the LSM were 0.64 s and 0.01 µm, respectively. The measurement of the stabilities lasted for one hour, while all of the parts of the LSM measurement system were kept stationary. The measurement result is shown in Figure 10 . The peak-to-valley (PV) stabilities of the top edge segment and the bottom edge segment were evaluated as 0.57 µm and 0.65 µm, respectively, while the temperature drift during the measurement was characterized as 0.269 • C (PV). The stabilities of the measurement system were influenced by the mechanical stability between the concentricity gauge and the LSM, the drift of the scanning beam of the LSM, the temperature drift during the measurement procedure, etc.
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Experimental Result of the Spindle Error Motion Measurement
e Spindle (θ M ) of the concentricity gauge was evaluated based on the proposed measurement method, as shown in Figure 8 . The concentricity gauge was driven manually, and the angular position was provided by the scale attached to the drive handle. The measurement sampling interval of e Spindle (θ M ) was 5.625 • . The measurement of e Spindle (θ M ) was repeated by three revolutions, and the measurement outputs of T Edge and B Edge before and after the reversal operation are shown in Figure 11 . Based on Equation (7), the measurement results of e Spindle (θ M ) were calculated, and are shown in Figure 12 . The average PV value of e Spindle (θ M ) of the repeated measurement result was 7.10 µm, and the measurement repeatability was 2.54 µm. The repeatability error was mainly caused by the rotation accuracy of the concentricity gauge, since the concentricity gauge was driven manually. Also, the non-repeatable rotation errors of the two main rollers were also a factor that induced the repeatability error. 
eSpindle(θM) of the concentricity gauge was evaluated based on the proposed measurement method, as shown in Figure 8 . The concentricity gauge was driven manually, and the angular position was provided by the scale attached to the drive handle. The measurement sampling interval of eSpindle(θM) was 5.625°. The measurement of eSpindle(θM) was repeated by three revolutions, and the measurement outputs of TEdge and BEdge before and after the reversal operation are shown in Figure 11 . Based on Equation (7), the measurement results of eSpindle(θM) were calculated, and are shown in Figure 12 . The average PV value of eSpindle(θM) of the repeated measurement result was 7.10 μm, and the measurement repeatability was 2.54 μm. The repeatability error was mainly caused by the rotation accuracy of the concentricity gauge, since the concentricity gauge was driven manually. Also, the non-repeatable rotation errors of the two main rollers were also a factor that induced the repeatability error. It can be seen from the measurement result that a fine position, which is located from the angular range of approximate 70° to 110°, had the minimum eSpindle(θM), which was 1.86 μm (PV). The fine position corresponds to a 0.111 revolution of the concentricity gauge. Since the diameter of the shank part of the microdrill bit and the diameter of the main rollers are 3 mm and 22 mm, one revolution of the microdrill bit corresponded to 0.136 revolution of the concentricity gauge. The range of the fine position of the concentricity gauge satisfied the required range for the measurement of the run-out 18 
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eSpindle(θM) of the concentricity gauge was evaluated based on the proposed measurement method, as shown in Figure 8 . The concentricity gauge was driven manually, and the angular position was provided by the scale attached to the drive handle. The measurement sampling interval of eSpindle(θM) was 5.625°. The measurement of eSpindle(θM) was repeated by three revolutions, and the measurement outputs of TEdge and BEdge before and after the reversal operation are shown in Figure 11 . Based on Equation (7), the measurement results of eSpindle(θM) were calculated, and are shown in Figure 12 . The average PV value of eSpindle(θM) of the repeated measurement result was 7.10 μm, and the measurement repeatability was 2.54 μm. The repeatability error was mainly caused by the rotation accuracy of the concentricity gauge, since the concentricity gauge was driven manually. Also, the non-repeatable rotation errors of the two main rollers were also a factor that induced the repeatability error. It can be seen from the measurement result that a fine position, which is located from the angular range of approximate 70° to 110°, had the minimum eSpindle(θM), which was 1.86 μm (PV). The fine position corresponds to a 0.111 revolution of the concentricity gauge. Since the diameter of the shank part of the microdrill bit and the diameter of the main rollers are 3 mm and 22 mm, one revolution of the microdrill bit corresponded to 0.136 revolution of the concentricity gauge. It can be seen from the measurement result that a fine position, which is located from the angular range of approximate 70 • to 110 • , had the minimum e Spindle (θ M ), which was 1.86 µm (PV). The fine position corresponds to a 0.111 revolution of the concentricity gauge. Since the diameter of the shank part of the microdrill bit and the diameter of the main rollers are 3 mm and 22 mm, one revolution of the microdrill bit corresponded to 0.136 revolution of the concentricity gauge. The range of the fine position of the concentricity gauge satisfied the required range for the measurement of the run-out of the microdrill bit.
Experimental Result of the Run-Out Measurement
In order to separate e Spindle (θ M ) out of the concentricity gauge to meet the required measurement accuracy, the microdrill bit was measured at the identified fine position of the concentricity gauge. The microdrill bit was gripped at the beginning of the fine position of the concentricity, as shown in Figure 12b , and rotated one revolution to measure the two margins by the top segment of the LSM. Then, the microdrill bit was rotated back to the beginning of the fine position for the second measurement. This set of measurements was repeated 10 times, and the measurement outputs on the two margins are shown in Figure 13a . The measurement repeatability on Margin 1 and Margin 2 was 0.51 µm and 0.96 µm, respectively. By utilizing Equation (1) and the measurement outputs in Figure 13a , the average of the measured run-out of the microdrill bit was 13.57 µm, with a measurement repeatability of 1.16 µm, as shown in Figure 13b . The standard deviation of the measurement results was 0.40 µm. The repeatability error was mainly caused by the uneven rotational speed and the drift of the scanning beam of the LSM during the measurement. Figure 12b, and rotated one revolution to measure the two margins by the top segment of the LSM. Then, the microdrill bit was rotated back to the beginning of the fine position for the second measurement. This set of measurements was repeated 10 times, and the measurement outputs on the two margins are shown in Figure 13a . The measurement repeatability on Margin 1 and Margin 2 was 0.51 μm and 0.96 μm, respectively. By utilizing Equation (1) and the measurement outputs in Figure  13a , the average of the measured run-out of the microdrill bit was 13.57 μm, with a measurement repeatability of 1.16 μm, as shown in Figure 13b . The standard deviation of the measurement results was 0.40 μm. The repeatability error was mainly caused by the uneven rotational speed and the drift of the scanning beam of the LSM during the measurement. 
Uncertainty of the Run-Out Measurement
To confirm the reliability of the proposed methods for measurement of the run-out of the microdrill bit, an uncertainty evaluation of the measurement of the run-out was carried out based on Guide to Expression of Uncertainty in Measurement (GUM) [25] . Figure 14 shows a schematic of the uncertainty sources. The measurement uncertainty on each margin was composed of the measurement resolution of the LSM, the linearity of the LSM, the thermal drift, and the mechanical vibration during the measurement. The combined measurement uncertainty of each margin, which is referred to as uMargin, can be evaluated based on the following equation:
According to Equation (2), the measurement uncertainty of the run-out was composed of the uMargin of the two margins and the uncertainty uSpindle of the spindle error motion of the concentricity gauge, as well as the uncertainty uReading of the measurement repeatability of the run-out, in which uSpindle is the spindle error motion at the fine position of the concentricity gauge. The combined measurement uncertainty of the run-out, which is referred to as uRun-out, can be expressed as: 
To confirm the reliability of the proposed methods for measurement of the run-out of the microdrill bit, an uncertainty evaluation of the measurement of the run-out was carried out based on Guide to Expression of Uncertainty in Measurement (GUM) [25] . Figure 14 shows a schematic of the uncertainty sources. The measurement uncertainty on each margin was composed of the measurement resolution of the LSM, the linearity of the LSM, the thermal drift, and the mechanical vibration during the measurement. The combined measurement uncertainty of each margin, which is referred to as u Margin , can be evaluated based on the following equation:
According to Equation (2), the measurement uncertainty of the run-out was composed of the u Margin of the two margins and the uncertainty u Spindle of the spindle error motion of the concentricity gauge, as well as the uncertainty u Reading of the measurement repeatability of the run-out, in which u Spindle is the spindle error motion at the fine position of the concentricity gauge. The combined measurement uncertainty of the run-out, which is referred to as u Run-out , can be expressed as: Table 1 shows the uncertainty budget for the measurement of the run-out. u Margin was evaluated to be 0.34 µm. The combined uncertainty of u Run-out based on Equation (9) was evaluated to be 0.61 µm. The expanded uncertainty with a coverage factor of k = 2 for the measurements of the run-out was evaluated to be 1.22 µm, in which the evaluated uncertainty had a level of confidence of approximately 95%. The measurement results and the measurement uncertainty confirmed that the proposed error separation method is reliable for the measurement of the run-out with sub-micrometric accuracy. Compared with the previous research studies that used ultra-precision rotary drive devices, the proposed error separation method can also achieve sub-micrometric accuracy for the measurement of the run-out of microdrill bit, even though the spindle error motion of the concentricity gauge was as large as 7.10 μm. Although the realized accuracy has been sufficient for industrial application, from the uncertainty budget, it can be seen that the spindle error motion of the fine position of the concentricity gauge was still the major source contributing to the measurement uncertainty. For improving the measurement accuracy to the nanometric order, it is necessary to further separate the spindle error motion, which remains as the next step of the research.
Conclusions
An error separation method has been proposed for a precision measurement of the run-out of a microdrill bit by using a measurement system consisting of a concentricity gauge and a laser scan micrometer (LSM). In order to achieve a precision measurement of the run-out, rotating the microdrill Compared with the previous research studies that used ultra-precision rotary drive devices, the proposed error separation method can also achieve sub-micrometric accuracy for the measurement of the run-out of microdrill bit, even though the spindle error motion of the concentricity gauge was as large as 7.10 µm. Although the realized accuracy has been sufficient for industrial application, from the uncertainty budget, it can be seen that the spindle error motion of the fine position of the concentricity gauge was still the major source contributing to the measurement uncertainty. For improving the measurement accuracy to the nanometric order, it is necessary to further separate the spindle error motion, which remains as the next step of the research.
An error separation method has been proposed for a precision measurement of the run-out of a microdrill bit by using a measurement system consisting of a concentricity gauge and a laser scan micrometer (LSM). In order to achieve a precision measurement of the run-out, rotating the microdrill bit at the fine position of the concentricity gauge with the minimum spindle error motion for the measurement of the run-out was proposed for separating the influence of the spindle error motion. Taking into consideration the limited gripping capacity of the concentricity gauge, the LSM and a small-diameter artifact-instead of the conventionally used displacement probes and large-diameter artifact-were employed to measure the spindle error motion of the concentricity gauge for determining the fine position. Then, the measurement of the run-out was conducted at the determined fine position to achieve high measurement accuracy, which previously cannot be realized by the commercial concentricity gauge combined LSM measurement system.
The measurement result showed that the average of the measured run-out was 13.57 µm. The measurement uncertainty of the run-out by using the measurement system and the proposed error separation method was estimated to be 0.61 µm. It has been confirmed that the proposed error separation method is reliable for a run-out measurement with sub-micrometric measurement accuracy. As the first step of the research, this paper has focused on achieving the precision measurement of the run-out. It should be noted that the measurement position along the axial direction of the microdrill bit hasn't been accurately determined in this research. Instead, an additional positioning stage is necessary to determine the axial measurement position on the microdrill bit, which will be carried out as next step of this research.
